Abstract. Survivin is a member of the inhibitor of apoptosis family, which has been suggested to be crucial in the control of cell division and inhibition of apoptosis. Expression of this protein has been observed in transformed cell lines and human tumor tissues, including those from colorectal cancer, but not in terminally differentiated adult tissues. Survivin mRNA expression has frequently been detected in hepatocellular carcinoma (HCC) and its protein expression has been demonstrated to be highly correlated with proliferation index rather than apoptotic index. The present study aimed to analyze the effect of survivin on the tumorigenicity and chemosensitivity of HCC via the establishment of an HCC cell line (PLC/PRF/5) with the stable knockdown of the survivin gene (PLC-k3). This cell line displayed significantly lower rates of survival and proliferation in assays of cell viability and proliferation, respectively, compared with those of the control cell line (PLC-v). In addition, PLC-k3 cells were more sensitive to cisplatin treatment, resulting in S phase arrest. These findings were further confirmed by an in vivo experiment. The data of the present study suggest that survivin is critical in promoting cell proliferation but not in inhibition of apoptosis, and enhances the chemosensitivity of HCC. Thus, the suppression of survivin expression in combination with cisplatin may contribute to the development of more effective treatments for
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common type of cancer in males and the seventh most common type of cancer in females, with a total of 0.7 million new cases worldwide in 2008. HCC is the second and the sixth most common cause of cancer-related mortalities in males and females, respectively, with >0.5 million mortalities worldwide in 2008 (1) . Due to the low five-year survival rate following surgery and the frequent chemoresistance that is observed in patients with HCC, the development of an effective treatment is required.
Survivin, encoded by the gene BIRC5, is a member of the inhibitor of apoptosis protein family, and has been implicated in the control of cell division and the inhibition of apoptosis (2, 3) . It inhibits apoptosis through binding with caspase-9, and accelerates mitotic activity via association with microtubules of the mitotic spindle in the G2/M phase (4, 5) . Survivin has been demonstrated to be selectively expressed during embryonic development, but with low or no expression in terminally differentiated adult tissues (6, 7) . However, re-expression of the protein has been displayed in transformed cell lines and various types of human tumor tissues (6, 8) . In addition, survivin expression is correlated with poor prognosis in various types of cancer, such as lung adenocarcinoma (8) and colorectal cancer (10, 11) . In patients with HCC, tumor tissues have been demonstrated to express survivin mRNA (87.5%), whereas no expression was detected in normal liver tissues and tissues from non-tumor areas (12) . Survivin expression has also been demonstrated to be highly correlated with proliferation index in HCC (12) (13) (14) (15) . Due to the possible roles of survivin in the suppression of apoptosis and promotion of proliferation in tumor tissues, survivin was widely recognized as a critical therapeutic target. It is therefore hypothesized that survivin depletion leads to cell cycle arrest, reduction of cell proliferation, induction of apoptosis and increased drug sensitivity. These factors may prove critical for the development of cancer therapies. Therefore, the current study aimed to demonstrate the effect of survivin depletion on cell viability and tumor growth in HCC in vitro and in vivo.
Materials and methods
Cell culture. The HCC cell line (PLC/PRF/5; ATCC, Manassas, VA, USA) was maintained in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum at 37˚C in a 95% humidified incubator containing 5% CO 2 . Treatment with cisplatin. In order to determine the effect of survivin depletion on drug sensitivity, PLC-k3 and PLC-v cells were treated with 3.5 mg/ml cisplatin for 24 and 48 h. A cell proliferation assay, Annexin V apoptotic assay, and cell cycle analysis were then performed as subsequently described.
Survivin depletion inhibits tumor growth and enhances chemosensitivity in hepatocellular carcinoma
Cell proliferation assay. The proliferation rates of the untreated and cisplatin-treated PLC-k3 and PLC-v cells were determined by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma, St. Louis, MO, USA) cell proliferation assay. Cells were plated at 6,000 cells/well in 96-well culture plates. The MTT assay was performed at 0, 24, 48, 72 and 96 h on the untreated cells and at 24 and 48 h after treatment on the cisplatin-treated cells. Viability was assessed with the addition of MTT solution (1 mg/ml) and an average absorbance of 570 nm was determined from triplicate samples.
In addition, a trypan blue exclusion assay was performed to quantify the viable cells in the untreated and cisplatin-treated PLC-k3 and PLC-v cell groups. Cells were seeded at 2x10 4 cells/well in 24-well plates. A trypan blue exclusion assay was performed at 0, 24, 48 and 72 h on untreated cells and at 24 and 48 h after treatment on cisplatin-treated cells by staining the trypsinized cells with 0.4% trypan blue. The number of unstained cells (viable cells) from triplicate samples was recorded using a hemocytometer (Marienfeld, Lauda-Königshofen, Germany).
Annexin V apoptotic assay. The effect of survivin depletion on cellular apoptosis was determined by the Annexin V PE and 7AAD Apoptosis Detection kit (BD Biosciences, San Jose, CA, USA) according to the manufacturer's instructions. Briefly, the untreated or the cisplatin-treated PLC-k3 and PLC-v cells were harvested, washed with phosphate-buffered saline, and stained with the Annexin V/7AAD mixture in binding buffer from the kit for 15 min at room temperature in the dark. The percentages of apoptotic cells were then determined using a FACSCalibur flow cytometer (BD Biosciences).
Cell cycle analysis. The untreated and cisplatin-treated PLC-k3 and PLC-v cells were harvested and fixed in cold 70% ethanol at -20˚C for 24 h. Fixed cells were then washed and incubated in 0.2 mg/ml propidium iodide and 0.2 mg/ml RNase A at 37˚C for 30 min in the dark. The labeled cells were subjected to the FACSCalibur flow cytometer for cell cycle distribution analysis. The percentage of cells in each phase was analyzed using ModFit LT software (Verity Software House, Inc., Topsham, ME, USA).
Immunoblotting. PLC-k3 and PLC-v cells were then lysed in ice-cold radio-immunoprecipitation assay buffer containing 150 mM NaCl, 1 mM EDTA, 1% (v/v) NP-40, 0.25% (w/v) sodium deoxycholate, 1 mM phenylmethanesulfonyl fluoride, and 1 U protease inhibitor cocktail (Roche Diagnostics, Penzberg, Germany) in 50 mM Tris-HCl buffer, pH 7.4. Equal amounts of protein were loaded onto an SDS-polyacrylamide gel under reducing conditions for gel electrophoresis and then transferred to a polyvinylidine fluoride membrane (Amersham Biosciences, Piscataway, NJ, USA). Blots were probed with the following antibodies: Anti-survivin rabbit polyclonal antibody (Calbiochem, San Diego, CA, USA), Anti-cyclin A rabbit polyclonal antibody, cyclin B1 rabbit polyclonal antibody and cyclin D1 rabbit polyclonal antibody (Cell Signaling Technology, Danvers, MA, USA), and the expression of β-actin (β-actin mouse monoclonal antibody; Sigma-Aldrich, St. Louis, MO, USA) was used as a loading control. After probing with horseradish peroxidase-conjugated secondary antibodies, membranes were developed with the Immobilon Western Chemiluminescent HRP Substrate system (Millipore, Billerica, MA, USA). The signals were then captured by the ChemiDoc XRS+ system (Bio-Rad, Hercules, CA, USA) and analyzed using Image Lab (Bio-Rad).
In vivo studies. Experiments involving animals were approved by the Committee on the Use of Live Animals for Teaching and Research, University of Hong Kong (Hong Kong, China; no. 1731-08). BALB/c-nu/nu (nude) mice (Charles River Laboratories, Wilmington, MA, USA) were maintained in laminar flow cabinets under pathogen-free conditions, and all efforts were made to reduce suffering. PLC-k3 and PLC-v cells were harvested from mid-log phase cultures, and 1.5x10 6 cells were injected into the mice subcutaneously in order to induce xenograft tumor formation. Two weeks post-injection, the mice were randomly divided into the following 4 groups with 6 mice in each: PLC-v-(control), PLC-v-(cisplatin), PLC-k3-(control) and PLC-k3-(cisplatin). Cisplatin or saline (3 mg/kg) was administered intraperitoneally twice a week for 28 days. Caliper measurement of tumor dimensions was performed twice a week to estimate tumor size, with the formula 0.5 x l x w 2 where l is the length and w is the width of the tumor. Mice were sacrificed with sodium pentobarbitone (150 mg/kg) overdose on day 42.
Statistical analysis. Data are presented as the mean ± standard deviation of three independent experiments for the in vitro study, and from six mice for the in vivo study. Data were analyzed using one-way analysis of variance, and P<0.05 was considered to indicate a statistically significant difference. (Fig. 1A) .
Results

Knockdown of the survivin gene in the PLC
Survivin depletion reduces viability of PLC/PRF/5 cells.
The effect of survivin depletion on cell viability was examined with an MTT assay. In 96 h, the average absorbance of the PLC-v cells increased by 2-fold, while it increased by 40% in the PLC-k3 cells. The rate of the increase in the number of viable cells in the PLC-v group was significantly higher than that in PLC-k3 group (Fig. 1B) .
In addition, a trypan blue assay was performed to quantify the viable cells in the PLC-v and PLC-k3 groups (Fig. 1C) . The doubling time was 26.3 and 42.0 h for the PLC-v and PLC-k3 cells, respectively. The PLC-k3 cells demonstrated a significantly lower number of viable cells compared with that of the PLC-v cells at 48 (26% lower) and 72 h (31% lower).
In order to determine whether cellular apoptosis or cell cycle progression contributed to the difference in the viability of the PLC-v and PLC-k3 cells, an Annexin V apoptotic assay and cell cycle analysis were performed. The results of the apoptotic assay indicated no significant difference in the percentages of early apoptotic PLC-v and PLC-k3 cells (Fig. 1D) . The analysis of cell cycle progression revealed that the PLC-k3 group exhibited 8.12% more cells in the G1 phase and 9.89% fewer cells in the S phase, compared with those of the PLC-v group (Fig. 1E) . This difference in cell cycle progression may contribute to the lower cell viability of the PLC-k3 cells.
The expression of cyclin D1, A and B1 was also investigated by immunoblotting. Reduced expression levels of cyclin D1, A and B1 were observed in the PLC-k3 cells compared with those in the PLC-v cells (Fig. 1F) .
Survivin depletion enhances cisplatin sensitivity. The effect of survivin depletion on cisplatin sensitivity was also examined. The PLC-k3 and PLC-v cells were treated with cisplatin for 24 and 48 h and an MTT cell proliferation assay was performed ( Fig. 2A) . When cells were treated for 24 h, cisplatin did not exert any effect on the viability of the PLC-v cells compared with that of the untreated cells, whereas a significant reduction of 45% was observed in the viability of the cisplatin-treated PLC-k3 cells compared with that of the untreated PLC-k3 cells. Following the 48-h treatment, a significant reduction was observed in the viability of the cisplatin-treated PLC-v cells (21% vs. the untreated PLC-v cells), and the cisplatin-treated PLC-k3 cells (47% vs. the untreated PLC-k3 cells).
Similarly, a trypan blue assay was performed to quantify the viable PLC-v and PLC-k3 cells following cisplatin treatment (Fig. 2B) . Following the 24-h treatment, a significant reduction in the number of viable cells was observed in the cisplatin-treated PLC-v group (27% vs. the untreated PLC-v cells) and the cisplatin-treated PLC-k3 group (33% vs. the untreated PLC-k3 cells). Following the 48-h treatment, a significant reduction in the number of viable cells was observed in the cisplatin-treated PLC-v group (42% vs. the untreated PLC-v cells) and the cisplatin-treated PLC-k3 group (67% vs. the untreated PLC-k3 cells). Therefore, the results of the trypan blue assay were in agreement with those of the MTT assay in demonstrating that the PLC-k3 cells were more sensitive to cisplatin treatment than the PLC-v cells.
In order to determine whether cellular apoptosis contributed to the differences in the viability of the PLC-v and PLC-k3 cells with cisplatin treatment, an Annexin V apoptotic assay was performed (Fig. 2C) . Increases in the percentages of early apoptotic cells were observed in the PLC-v and PLC-k3 groups when treated with cisplatin. Following the 24-h treatment, a significant increase in the number of early apoptotic cells was observed in the cisplatin-treated PLC-v group (36% vs. the untreated PLC-v group) and the cisplatin-treated PLC-k3 group (38% vs. the untreated PLC-k3 group). Following the 48-h treatment, a significant increase of 100% was observed in the PLC-v and PLC-k3 cisplatin-treated groups compared with the untreated PLC-v and PLC-k3 groups. Therefore, there was no significant difference in the levels of cisplatin-induced apoptosis between the PLC-v and PLC-k3 cells at either 24 or 48 h. To study the effect of survivin depletion in cisplatin treatment on cell cycle progression, flow cytometric analysis was performed. Cell cycle distributions of the PLC-v and PLC-k3 were analyzed (Fig. 2D) . When cells were treated for 24 h, no significant difference in the distribution of the cell cycle stages was observed. However, changes in the cell cycle progression of the PLC-v and PLC-k3 cells were observed when treated for 48 h. In the PLC-v group, the distribution of cells was shifted from the G1 phase to the S phase with cisplatin treatment (a 1.6-fold increase in the percentage of cells in the S phase vs. the untreated cells). As for the PLC-k3 cells, a more marked shift of cells from the G1 and G2 phases to the S phase was observed with cisplatin treatment (a 2.28-fold increase in the percentage of cells in the S phase vs. the untreated PLC-k3 cells). Therefore, cisplatin treatment arrested cells in the S phase and the accumulation of cells was more profound in the survivin-depleted group.
Tumorigenicity of HCC cells with knockdown of the survivin gene in vivo.
For the in vivo experiments, subcutaneous injection of the PLC-v and PLC-k3 cells was performed (Fig. 3A) . The PLC-v cells successfully induced tumor growth in all mice 
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(12/12 mice), whereas the PLC-k3 cells only induced tumor growth in 2 of the 12 mice. In the PLC-v (control) group, the tumors grew rapidly and reached an average size of 500 mm 3 prior to day 40 (Fig. 3B) . In the PLC-k3 (control) group, the tumors only became visible after day 28 and grew much more slowly than those in the PLC-v (control) group. Thus, survivin depletion cannot only inhibit the growth of cells in vitro, but also prevent tumor growth in vivo.
For the cisplatin treatment groups, cisplatin was administered starting on day 14, and significantly inhibited tumor growth in the mice in the PLC-v (cisplatin) group from day 28 compared with that in the PLC-v (control) group. As the PLC-k3 cells induced tumors in only 2 mice and the tumors grew too slowly, no difference in the tumor size with cisplatin treatment was observed by 42 days post-cell injection.
Discussion
HCC is a common type of cancer worldwide and the development of an effective treatment for HCC is required. Although chemotherapeutic drugs provide HCC patients with prolonged survival, chemoresistance often occurs. Thus, identification of the key components of tumorigenesis and chemoresistance in HCC may provide useful information on the molecular mechanisms of hepatocarcinogenesis and chemosensitivity. These components may serve as therapeutic targets of future treatments for HCC.
Survivin, which is differentially expressed in tumors compared with that in normal adult tissues, has been suggested to be associated with poor survival rates in several types of cancer, including non-small cell lung cancer (16) , colorectal cancer (10) and neuroblastoma (17) . Increased survivin expression has also been associated with poor prognostic parameters and outcomes in HCC (18) . Therefore, survivin may be important during tumorigenesis and in controlling chemosensitivity in HCC. In the present study, depletion of survivin in an HCC cell line (PLC-k3) was used to demonstrate its role in tumorigenesis and chemosensitivity in HCC.
The survivin-depleted cells were demonstrated to have a significantly lower viability and longer doubling time than those of the control cells. This implies that survivin depletion could inhibit cell growth and survival in vitro. The difference in cell viability between the PLC-k3 and PLC-v groups may be due to either the change in cellular apoptosis and/or changes in cell cycle progression. In the Annexin V apoptosis assay, no differences between the levels of early apoptotic cells in the PLC-k3 and PLC-v groups were observed. This implies that knockdown of survivin did not enhance the apoptotic activity of HCC cells. Therefore, this may not be the main cause of the reduced cell viability in HCC, demonstrating that it differs from the response in other cancer cell lines, including cervical (19) and lung (20) cancers. However, the result is concordant with the findings of Ito et al (12) and Pizem et al (13) that survivin expression does not correlate with the apoptotic index of HCC tissues. These studies suggest that the oncogenic role of survivin may act through different pathways in different types of cancer.
Through cell cycle analysis in the current study, it was demonstrated that survivin depletion led to cell cycle arrest with a reduction in the S phase population. Cell cycle arrest in the PLC-k3 cells is also supported by the downregulation of the expression levels of cyclins D1 and A. Cyclin D1 is a G1 protein, while cyclin A is produced in the G1 phase and is essential for the G1/S transition (21, 22) . The downregulation of cyclins D1 and A reflects that cells were blocked at G1 phase and did not enter S phase. Thus, knockdown of survivin alone caused cell cycle arrest. The findings are concordant with those of a previous study which demonstrated that overexpression of survivin caused an increase in the S phase cell population (23) . This consolidates the observation of the present study that survivin knockdown inhibited proliferation of PLC/PRF/5 cells via induction of cell cycle arrest.
Findings of the current study suggest that the knockdown of survivin is more critical in inhibiting cell proliferation than in inducing apoptosis. These results are consistent with those of previous studies stating a strong correlation between survivin expression and cell proliferation, but not apoptosis, in HCC (12) (13) (14) (15) . Previous studies have reported that survivin is essential in maintaining mitosis through stabilizing microtubules and mediates the targeting of the chromosomal passenger complex to the centromere. Thus, it is an important protein for controlling normal cell division via participation in chromosomal segregation and cytokinesis (24, 25) . This explains the results in the present study demonstrating that knockdown of survivin hinders cell division and mitosis, and therefore leads to cell cycle arrest.
In the present study, depletion of survivin in HCC cells was also demonstrated to enhance the effects of cisplatin in vitro. A lower number of viable cells and a shorter reaction time to cisplatin treatment were observed in the PLC-k3 group, suggesting that the PLC-k3 cells are more sensitive to cisplatin treatment compared with the PLC-v cells. This finding is consistent with a previous study that demonstrated survivin overexpression protected gastric cancer cells from cisplatin treatment, while a mutant form of survivin sensitized the cells to it (26) . Thus, survivin may be critical in chemosensitivity to cisplatin in HCC cells. In addition, S phase arrest was observed in the PLC-v and PLC-k3 cells following cisplatin treatment in the present study. This is consistent with the findings of several previous studies on other types of cancer cell that chemotherapeutic drugs, including cisplatin, caused growth arrest in the S phase (27) (28) (29) . The extent of the increase in number of cells accumulated in the S phase being higher in the PLC-k3 group than that in the PLC-v group following cisplatin treatment further demonstrated the higher sensitivity of the PLC-k3 cells to cisplatin-induced growth arrest in the S phase compared with that of the PLC-v cells.
In the present study, experiments in an animal model further confirmed the findings of the in vitro studies, that survivin depletion inhibits cell growth and proliferation. It is therefore suggested that survivin is essential for carcinogenesis in HCC. However, the effect of survivin depletion on chemosensitivity could not be demonstrated in the in vivo model due to the low success rate of tumor induction in the PLC-k3 group.
In summary, knockdown of survivin in an HCC cell line reduced cell viability by inhibition of cellular proliferation via cell cycle arrest rather than induction of early apoptosis. The findings were in agreement with those of previous studies which demonstrated that survivin was highly associated with cell proliferation index in primary tumors (12) (13) (14) (15) . Cisplatin exerted an additive growth inhibitory effect on PLC/PRF/5 cells with survivin depletion in the present study by arresting the cells in the S phase of the cell cycle. Thus, knockdown of survivin may enhance the chemosensitivity of PLC/PRF/5 cells, implying that survivin overexpression may be critical in chemoresistance of HCC. These findings provide a novel therapeutic strategy for the effective treatment of patients with HCC that exhibit chemoresistance. Furthermore, patients will benefit from the reduced dosage of cisplatin necessary to produce chemotherapeutic results when survivin is downregulated.
